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GATA transcription factors are required for the differentiation of diverse cell types in several species. Recent
evidence suggests that their biologic activities may be modulated through interaction with multitype zinc
finger proteins, such as Friend of GATA-1 (FOG) and U-shaped (Ush). In cell culture, FOG cooperates with the
hematopoietic transcription factor GATA-1 to promote erythroid and megakaryocytic differentiation. We show
here that mice lacking FOG die during mid-embryonic development with severe anemia. FOG−/− erythroid
cells display a marked, but partial, blockage of maturation, reminiscent of GATA-1− erythroid precursors. In
contrast to GATA-1 deficiency, however, megakaryocytes fail to develop in the absence of FOG. Although the
FOG−/− erythroid phenotype supports the proposed role of FOG as a GATA-1 cofactor in vivo, the latter
finding points to a pivotal, GATA-1-independent requirement for FOG in megakaryocyte development from
the bipotential erythroid/megakaryocytic progenitor. We speculate that FOG and other FOG-like proteins
serve as complex cofactors that act through both GATA-dependent and GATA-independent mechanisms.
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GATA transcription factors have emerged as central
regulators of diverse developmental processes in both
vertebrate and invertebrate species. Members of the
GATA family are distinguished by a DNA-binding do-
main comprised of one or two highly conserved, C4-type
zinc fingers that mediate sequence-specific binding to
the consensus motif (A/T)GATA(A/G) (Evans and
Felsenfeld 1989; Tsai et al. 1989). In vertebrates, six
GATA factors (GATA-1 through GATA-6) have been
identified, each serving distinct roles in development
(Pevny et al. 1991; Laverriere et al. 1994; Tsai et al. 1994;
Ting et al. 1996; Kuo et al. 1997; Molkentin et al. 1997).
GATA factors have also been isolated from Drosophila
(Ramain et al. 1993), Caenorhabditis elegans (Spieth et
al. 1991; Zhu et al. 1997), and fungi such as Aspergillus
(Kudla et al. 1990).

GATA-1, the founding member of the GATA factor
family, is perhaps the most extensively studied of the
vertebrate GATA factors. A hematopoietic-restricted
transcription factor, GATA-1 is expressed at high levels
in erythroid, megakaryocytic, mast, and eosinophilic
cells and at lower levels in multipotential progenitors
(for review, see Orkin 1998). Consistent with the finding
that virtually all characterized erythroid- and mega-
karyocytic-specific genes contain GATA motifs in criti-
cal cis-regulatory elements (Orkin 1992; Shivdasani

1997), gene targeting experiments in embryonic stem
(ES) cells and mice have established an essential role for
GATA-1 in both the erythroid and megakaryocytic lin-
eages. Loss of GATA-1 in erythroid cells leads to a de-
velopmental arrest at the proerythroblast stage and apop-
tosis (Pevny et al. 1991, 1995; Weiss et al. 1994; Weiss
and Orkin 1995), resulting in embryonic lethality by day
11.5 of gestation (Fujiwara et al. 1996). Megakaryocytes
lacking GATA-1 also arrest in their maturation, but un-
dergo unrestrained proliferation rather than apoptosis
(Shivdasani et al. 1997). In addition to driving terminal
maturation of erythroid and megakaryocytic cells,
GATA-1 is also capable of influencing the cellular phe-
notype of recipient hematopoietic progenitors. Specifi-
cally, forced expression of GATA-1 induces differentia-
tion of mouse myeloid 416B cells along the megakaryo-
cytic lineage (Visvader et al. 1992) and myb–ets-
transformed chicken myeloblasts along erythroid,
thromboblastic (megakaryocytic), and eosinophilic lin-
eages (Kulessa et al. 1995).

Fundamental to understanding how GATA-1 func-
tions in differentiation and development is the elucida-
tion of the mechanisms by which it acts in transcription.
Although early studies implicated the amino-terminal
activation domain of GATA-1 as critical for function
based on its transactivation potential in fibroblastic cells
(Martin and Orkin 1990), more recent studies have sug-
gested that the biological activity of GATA-1 actually
resides in its zinc finger DNA-binding domain, as as-
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sayed in 416B cells (Visvader et al. 1995), GATA-1− em-
bryoid bodies (Blobel et al. 1995), and GATA-1− erythroid
precursor cells (Weiss et al. 1997). Moreover, the amino-
terminal zinc finger of GATA-1, which is largely dis-
pensable for DNA binding and for transactivation in fi-
broblasts, is absolutely required for terminal erythroid
differentiation (Weiss et al. 1997). These findings led to
the proposal that a transcriptional cofactor might be re-
quired that would associate with DNA-bound GATA-1
and link it to larger transcriptional complexes (Weiss et
al. 1997).

In a yeast two-hybrid screen for GATA-1-interacting
proteins, we recently identified a novel, multitype zinc
finger protein Friend of GATA-1 (FOG) (Tsang et al.
1997). Several lines of evidence support its proposed role
as a GATA-1 cofactor. First, FOG interacts specifically
with the amino finger of GATA-1 in vitro and in vivo.
Second, the expression of FOG parallels that of GATA-1
during early embryonic development. Within adult he-
matopoietic lineages, both are highly expressed in ery-
throid and megakaryocytic cells. Third, FOG synergizes
with GATA-1 in activating transcription from a hema-
topoietic-specific regulatory region, and cooperates with
GATA-1 in cell culture to promote erythroid and mega-
karyocytic differentiation. Finally, FOG is structurally
similar to the recently characterized Drosophila cofactor
U-shaped (Ush) (Cubadda et al. 1997; Haenlin et al.
1997). Like FOG, Ush is a complex zinc finger protein
that interacts with the amino finger of the Drosophila
GATA factor Pannier (Ramain et al. 1993). However, in
contrast to FOG, Ush negatively regulates Pannier’s
transcriptional activity. Taken together, these results
suggest that FOG and Ush define a novel class of cofac-
tors that modulate, either positively or negatively, the
transcriptional activities of GATA factors in diverse de-
velopmental settings.

To test this paradigm in mammalian development, we
have disrupted the FOG gene by homologous recombi-
nation in ES cells. We show here that mice lacking FOG
die between embryonic (E) days 10.5 and 12.5 with se-
vere anemia. FOG−/− erythroid cells exhibit a marked,
but partial, arrest in development at the proerythroblast
stage, reminiscent of GATA-1− erythroid precursors. In
contrast to GATA-1 deficiency, however, loss of FOG
leads to the specific ablation of the megakaryocytic lin-
eage. These findings demonstrate an in vivo requirement
for FOG that supports its proposed role as a GATA-1
cofactor in erythroid cells and, furthermore, establish a
pivotal, GATA-1 independent role for FOG during the
earliest stages in megakaryocyte development.

Results

Targeted disruption of the murine FOG gene results
in early embryonic lethality

To disrupt the FOG gene, we constructed two different
targeting vectors, each of which replaced coding regions
by selectable markers (Fig. 1A). Two independently tar-
geted ES cell clones, one derived from each targeting vec-

tor (Fig. 1B), were injected into C57BL/6 blastocysts
and gave germ-line transmission. Heterozygous mice
(FOG+/− ) appeared normal and were interbred to gener-
ate homozygous mutants (FOG−/−). Among 90 liveborn
offspring of FOG+/− crosses, none was homozygous mu-
tant (Table 1), indicating that FOG−/− embryos die in
utero. To determine the developmental stage at which
the FOG gene mutation is lethal, E10.5–E13.5 embryos
were examined. Whereas at E10.5 ∼26% of viable em-
bryos were of the FOG−/− genotype (Fig. 1C), at E11.5
only ∼14% of viable embryos were FOG−/−, and none
survived to E12.5 (Table 1). Thus, homozygous FOG−/−

embryos die between E10.5 and E12.5. No phenotypic
differences were observed between the two indepen-
dently targeted mouse lines. Absence of FOG expression
in mutant embryos was confirmed by RT–PCR analysis
for intact FOG transcripts (Fig. 1D) and by immunoflu-
orescence analysis using antibodies directed against the
amino terminus of the FOG protein (data not shown).

At E11.5, viable FOG−/− embryos were comparable in
overall development to wild-type and heterozygous lit-
termates, but were readily distinguished by their smaller
size and marked pallor (Fig. 2). In contrast to the normal,
easily visualized pattern of yolk sac vasculature in lit-
termates (Fig. 2A), the yolk sac vessels of E11.5 FOG−/−

embryos appeared very pale and thin (Fig. 2B). Upon
closer inspection, the small capillaries of mutant yolk
sacs appeared dilated to variable extents, presumably as
a secondary consequence of anemia (see below). The fetal
livers of mutant embryos were four to five times smaller
than those of normal embryos and were also very pale
(Fig. 2C,D), suggesting a significant reduction in effec-
tive fetal liver (definitive) erythropoiesis.

The phenotype of FOG−/− embryos was studied further
by histological examination of E11.5 embryo sections.
The fetal liver was of particular interest, as blood forma-
tion shifts from the yolk sac to the fetal liver at around
E11.5–E12.5 of murine embryonic development. As
shown in Figure 3A,B, the fetal livers of homozygous
mutant embryos were smaller than those of wild-type
embryos, yet contained dark-stained hematopoietic cells
within the liver parenchyma, indicating that precursors
for the definitive erythroid lineage were present at E11.5.
Although smaller than wild-type, other organ systems in
FOG−/− embryos also appeared to be normal. Cardiac de-
velopment, for example, was not obviously impaired in
mutant embryos (Fig. 3C,D). Of particular note, no dif-
ferences were discernible between wild-type and mutant
yolk sacs by histological analysis, and endodermal and
endothelial cells lining the capillaries of mutant yolk
sacs appeared histologically normal (Fig. 3E,F). In addi-
tion, the intraembryonic vasculature of mutants, includ-
ing the aorta (Fig. 3G,H), intersomitic vessels (Fig. 3I,J),
and branching head veins (data not shown), also appeared
histologically normal.

Primitive hematopoiesis is defective in FOG-deficient
embryos

The absence of gross morphological or histological ab-
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normalities in FOG−/− embryos pointed to a specific fail-
ure of the primitive hematopoietic system in the absence
of FOG. To address this, we first examined the peripheral
blood of E10.5 and E11.5 embryos. At this stage of de-
velopment, peripheral blood contains predominantly
large primitive erythroid cells of yolk sac origin. These
cells are nucleated and express primarily embryonic glo-
bin chains as well as small quantities of adult globins
(Whitelaw et al. 1990). In contrast to the maturing primi-
tive erythroblasts evident in normal blood (Fig. 4A, left),
the primitive erythroid cells of mutant embryos ap-
peared to be partially arrested, with many of the cells
resembling proerythroblasts, the first morphologically
identifiable erythroid precursors (Fig. 4A, right). In addi-
tion, a significant percentage of mutant red cells exhib-
ited a prominent delay in nuclear versus cytoplasmic
maturation (megaloblastosis) (Fig. 4A, right).

To determine the effect of this maturational defect on
globin gene expression, we analyzed E11.5 peripheral
blood RNA for embryonic and adult globin transcripts.

Figure 1. Targeted disruption of the mouse FOG gene. (A) Partial restriction map of the mouse FOG locus (top) and structures of the
two FOG targeting vectors (middle and bottom). The first targeting construct (pPNT FOG) contains the HSV–tk and neomycin
resistance (neor) genes, both under the control of the mouse phosphoglycerate kinase (PGK) promoter; the second construct (pTKLNCL
FOG) contains HSV–tk and neor genes, as well as the cytosine deaminase gene. Homologous recombination results in disruption of the
coding sequence of FOG and removal of exons encoding zinc fingers (z) 1–z7 or z1–z4 of FOG, respectively. FOG-coding exons are
depicted as empty boxes; the numbers (1–9) below these boxes denote the positions of the nine zinc fingers of the FOG protein. Small
half-arrows above FOG exons indicate positions of RT–PCR primers. The flanking probes used for Southern blot analysis are shown
as black bars. Thin black boxes in pTKLNCL FOG represent loxP sites. (B) BamHI; (Bg) BglII; (Bs) BstEII; (E) EcoRI; (Hd) HindIII; (K)
KpnI; (N) NotI; (X) XbaI. (B) Southern blot analysis of G418- and Gancyclovir-resistant ES cell clones. Note that one targeted ES clone
was derived from each construct and used to generate germ-line transmitting chimeras. (wt) wild-type allele; (mut) mutant allele. (C)
Southern blot analysis of E10.5 embryos resulting from an intercross of FOG+/− mice, demonstrating the presence of all expected
genotypes, including homozygous mutants. (D) RT–PCR analysis of total RNA from peripheral blood of viable E11.5 embryos. RNA
was amplified with FOG-specific primers that bracket the 58 position of the neoR cassette insertion (see A). As a control, RT–PCR was
also performed for HPRT RNA.

Table 1. Genotypes of viable progeny derived
from heterozygous parents

Stage Total

Genotype

+/+ +/− −/−

Postnatal 90 30 60 0
E13.5 12 4 8 0
E12.5 22 10 12 0
E11.5 156 43 91 22
E10.5 111 26 56 29

Genotyping of offspring of FOG+/− intercrosses was done by
Southern blot analysis using tail DNA at the postnatal stage and
embryo or yolk sac DNA at embryonic stages. Viable embryos
were defined as those with beating hearts. Data shown are for
mice derived from one of the two independently targeted ES cell
clones. Similar data were obtained for mice derived from the
second ES clone.
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As shown in Figure 4B, all embryonic globin RNAs (z, e,
and bH1) as well as adult globin RNAs (a and b) examined
were significantly decreased (four- to fivefold) in mutant
compared to heterozygous blood samples. In contrast,
transcripts for actin (Fig. 4B) as well as GATA-1 (data not
shown) were present at comparable levels. From these
findings, we conclude that FOG is essential for the nor-
mal development of primitive erythrocytes.

Definitive erythropoiesis is severely impaired
in the absence of FOG

As FOG−/− embryos die at or before the onset of the fetal
liver stage of hematopoiesis, we examined a requirement
for FOG in definitive erythropoiesis by in vitro hemato-
poietic colony-forming assays (Wong et al. 1986). Indi-
vidual yolk sacs and fetal livers from mutant and control
embryos were disaggregated into single cell suspensions
and cultured in methylcellulose media supplemented
with hematopoietic growth factors. Under assay condi-
tions optimal for the differentiation of definitive hema-
topoietic progenitor cells, wild-type and heterozygous
cells generated numerous, hemoglobinized colony-form-
ing unit–erythroid (CFU-E) and burst-forming unit–ery-
throid (BFU-E) colonies when grown in erythropoietin
(Epo) and erythropoietin plus kit ligand (Epo-KL), respec-
tively. Staining of cytospin preparations revealed the
presence of definitive erythroid cells at all stages of dif-
ferentiation, including terminally differentiated, enucle-
ated erythrocytes (Fig. 5A,C). In contrast, mutant pro-
genitor cells yielded only pale CFU-E colonies that con-
tained developmentally arrested proerythroblasts (Fig.
5B). Similarly, BFU-E colonies of FOG−/− origin were
pale, stained weakly with benzidine, and contained mor-
phologically aberrant erythroid precursors (Fig. 5D). In
addition to large proerythroblasts, mutant colonies also
contained cells with fragmented nuclei and clumped

chromatin, as well as an abundance of other cell types,
particularly mast and mast-like cells (Fig. 5D).

To evaluate the consequences of loss of FOG on de-
finitive erythrocytes in vivo, FOG−/− ES cells were gen-
erated (see Materials and Methods) and injected into
wild-type host blastocysts. The animals obtained were
estimated to be ∼50% chimeric based on agouti coat
color. To assess contribution of FOG−/− ES cells to ma-
ture erythroid cells, we examined the hemoglobin in pe-
ripheral blood of adult chimeras. Host blastocysts of
strain C57BL/6 are homozygous for the Hbbs b-globin
haplotype, whereas CJ-7 ES cells of strain 129/Sv are
homozygous for the Hbbd haplotype (Pevny et al. 1991).
As shown in Figure 6, chimeras generated with FOG+/−

ES cells showed ES cell contribution, as evidenced by the
presence of Hbbd (lane 3). In contrast, chimeras made
with FOG−/− ES cells showed only host-derived Hbbs

(lane 2), indicating no ES cell contribution. Thus, in ac-
cordance with the in vitro findings, FOG is required for
production of mature red blood cells in vivo. We propose
that the embryonic lethal phenotype of FOG−/− embryos
is attributable to the combined failure of both primitive
and definitive erythropoiesis.

Loss of FOG leads to the specific ablation
of the megakaryocytic lineage at a very early stage

Previously, we have shown that FOG is highly expressed
in the megakaryocytic lineage and, furthermore, cooper-
ates with GATA-1 during megakaryocytic cell differen-
tiation (Tsang et al. 1997). Because FOG−/− embryos die
before the appearance of detectable numbers of mega-
karyocytes and platelets in the fetal liver and peripheral
blood, respectively, we examined the role of FOG in the
megakaryocytic lineage, as well as in other cell types, by
cultivating yolk sac and fetal liver cells in the presence
of hematopoietic growth factors known to stimulate for-
mation of specific nonerythroid colonies. In the presence
of thrombopoietin (Tpo), wild-type and heterozygous
cells generated numerous megakaryocyte colonies (Fig.
7A), defined as clusters of >20–50 large cells. As shown
in Figure 7B, these colonies contained largely mature
megakaryocytes, as evidenced by their characteristic
morphology and intense staining for acetylcholinester-
ase (AChE) activity, a specific marker of mouse mega-
karyocytes. Under identical assay conditions, no mature
megakaryocyte colonies or cells were obtained from ei-
ther the yolk sacs or fetal livers of viable FOG−/− em-
bryos (Fig. 7A). Staining for AChE activity confirmed the
complete absence of mature megakaryocytes, revealing
only nonspecific staining of nuclei or, rarely, small, mor-
phologically indistinct cells with weak AChE activity
(Fig. 7B). Immunofluorescence staining with rabbit anti-
mouse platelet antiserum (McDonald and Jackson 1990)
yielded similar results as AChE staining (data not
shown). In addition, the combination of Tpo with other
growth factors, such as KL, interleukin (IL)-6, and IL-11,
failed to enhance the proliferation or differentiation of
utant progenitors with megakaryocytic potential (data
not shown).

Figure 2. Phenotypic comparison of wild-type and FOG−/− em-
bryos at E11.5. (A,B) Wild-type and FOG−/− E11.5 embryos with
intact visceral yolk sacs (YS). (C,D) Wild-type and FOG−/− E11.5
embryos dissected free of the yolk sacs. Mutant embryos appear
morphologically normal, except for the pale, slightly orange col-
oring of their fetal livers and circulating blood.
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To investigate further the nature of the megakaryo-
cytic defect resulting from loss of FOG, we examined the
expression of megakaryocyte-specific mRNAs by semi-
quantitative RT–PCR. Consistent with the morphologi-
cal and cytochemical data, transcripts for platelet factor
4 (PF4), an early marker of the megakaryocytic lineage
(Poncz et al. 1987), were reduced >20-fold in mutant
compared to control cultures (Fig. 7C). Similarly, tran-
scripts for glycoprotein IIb (GPIIb), another early marker
of the megakaryocytic lineage (Molla et al. 1992), were
virtually undetectable in mutant cultures (Fig. 7C). The
absence of FOG, therefore, results in an extremely early
block in megakaryocyte development.

In contrast, the development of the myeloid lineage
appeared normal. As shown in Figure 7A, approximately
equal numbers of granulocyte–macrophage (GM) colo-
nies were obtained when wild-type or mutant yolk sac

cells were cultivated in the presence of granulocyte–
colony-stimulating factor (G-CSF), GM-CSF, IL-3, and
IL-11. Furthermore, macrophages and granulocytes re-
covered from wild-type and mutant GM colonies were
morphologically indistinguishable (Fig. 8A–D). Mast
cells derived from mutant progenitor cells appeared mor-
phologically normal and stained with toluidine blue (Fig.
8E–H). However, mast and mast-like cells, the latter
characterized by multilobed nuclei, mast cell-like gran-
ules, and AChE-negative staining, appeared to be abnor-
mally abundant, particularly in cultures grown in Epo-KL
or Tpo-KL, but not KL alone (data not shown). As FOG is
not expressed in mast cell lines or in primary mast cells
differentiated in vitro (Tsang et al. 1997), we speculate that
these mast-like cells may represent aberrant bi- or tripo-
tential precursors that cannot proceed normally along
the megakaryocytic or erythroid differentiation pathways.

Figure 3. Histological analysis of wild-type and FOG−/− em-
bryos. (A,B) Hematoxylin and eosin (H &E)-stained sagittal sec-
tions of wild-type and FOG−/− E11.5 embryos, revealing dark-
stained hematopoietic elements within vessels and sinusoids of
the fetal liver. Note that at this early stage of fetal liver hema-
topoiesis only nucleated definitive erythoblasts are observable
in wild-type and mutant fetal livers. (FL) fetal liver; (H) heart.
Original magnification, 200×. (C,D) H&E-stained transverse
sections through the fetal hearts of wild-type and FOG−/− E11.5
embryos. Although mutant hearts are smaller than those of
wild-type embryos, cardiac development does not appear to be
impaired. (a) atrium; (v) ventricle; (ec) endocardial cushion.
Original magnification, 100×. (E,F) H&E-stained sections of
yolk sacs from wild-type and FOG−/− E10.5 embryos. No obvi-
ous defects in the vasculature of mutant yolk sacs are apparent
by histological analysis. Note the presence of primitive blood
cells in sections of mutant yolk sacs. Although not evident here
because of H&E overstaining, these mutant cells are morpho-
logically abnormal (see Fig. 4A). (En) extraembryonic endoderm;
(EC) endothelial cell. Original magnifications, 400× and 1000×,
respectively. (G–J) H&E-stained sagittal sections showing the
presence of endothelial cell-lined aortas (G,H) and intersomitic
vessels (I,J) in both wild-type and mutant embryos. Note the
abnormal morphology of mutant blood cells (asterisks). Arrows
indicate endothelial cells. Original magnification, 1000×.
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FOG−/− ES cells fail to differentiate into mature
erythroid or megakaryocytic cells in vitro

To confirm the specific effects of the FOG null mutation
on the erythroid and megakaryocytic lineages, we exam-
ined the hematopoietic development of wild-type and
FOG−/− ES cells using a two-step in vitro differentiation
assay (Keller et al. 1993). In this assay, the temporal ap-
pearance of hematopoietic precursors in developing em-
bryoid bodies (EBs) parallels that found in the embryo.
Embryoid bodies generated from two independent
FOG−/− ES cell clones were disaggregated at select times
and replated in the presence of various growth factors
(see Materials and Methods). Both wild-type and FOG−/−

EBs gave rise to primitive erythroid (EryP) precursors
with replating in the presence of Epo. However, mutant
EryP colonies were found at a reduced frequency and
were typically pale or pink rather than red (data not
shown). As shown in Figure 9B, cells within these colo-
nies appeared to be partially arrested at a proerythro-
blast-like stage, closely resembling the primitive red
blood cells of FOG−/− embryos (see Fig. 4A, right). Simi-
larly, mutant EryD cells displayed a prominent defect in
maturation, with many of the cells appearing proeryth-
roblast-like or megaloblastic (Fig. 9D). Finally, in con-
trast to wild-type EBs, mutant EBs failed to generate any
megakaryocytic colonies when replated in the presence
of Tpo (Fig. 9E). In contrast, macrophage precursor-de-
rived colonies developed from FOG−/− EBs (Fig. 9G), al-
beit at a slightly reduced frequency. Taken together, our
in vivo and in vitro data demonstrate an intrinsic defect
in FOG−/− hematopoietic progenitors that impairs selec-

Figure 5. Severe impairment of in vitro erythroid differentia-
tion in the absence of FOG. (A–D) Hematopoietic progenitor
colony assays from yolk sacs and fetal livers of wild-type and
mutant (−/−) embryos. (A,B) May–Grunwald–Giemsa staining
of cells from wild-type and mutant CFU-Es. Colonies were
grown in the presence of Epo for 2–3 days. (C,D) May–Grun-
wald–Giemsa staining of cells from wild-type and mutant BFU-
Es. Colonies were grown in the presence of Epo-KL for 4–6 days.
Mutant colonies contained proerythroblasts (arrow), cells with
fragmented nuclei (arrowhead), and other morphologically ab-
normal cell types such as mast-like cells (asterisk).

Figure 4. Defective primitive erythropoi-
esis in mice lacking FOG. (A) May–Grun-
wald–Giemsa staining of blood cells from
wild-type and FOG−/− yolk sacs. Proeryth-
roblast-like cells (arrows), characterized by
large nuclei and basophilic cytoplasm, as
well as large, megaloblastic cells are abun-
dant in the peripheral blood of mutant em-
bryos. Original magnification, 1000×. (B)
RNase protection analysis of embryonic (z,
e, bH1) and adult (a, bmaj) globin transcripts
in E11.5 peripheral blood from heterozy-
gous (+/−) and homozygous mutant (−/−)
embryos. To establish relative amounts of
RNAs, each sample was simultaneously
hybridized with an internal standard probe
(mouse b-actin RNA or human 28S rRNA).
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tively development of the erythroid and megakaryocytic
lineages.

Discussion

Recent evidence suggests that the activities of GATA
transcription factors may be modulated through interac-
tions with complex zinc proteins such as FOG and Ush
(Cubadda et al. 1997; Haenlin et al. 1997; Tsang et al.
1997). In accordance with this proposal, we have now
shown that the absence of FOG results in a marked, but
partial, arrest in erythroid maturation, closely resem-
bling the GATA-1− phenotype. In contrast to GATA-1
deficiency, however, loss of FOG leads to the specific
ablation of the megakaryocytic lineage, pointing to an
absolute requirement for FOG during early megakaryo-
poiesis. FOG thus appears to act through both GATA-1-
dependent as well as GATA-1-independent mechanisms.
These findings have important implications for the roles
of FOG and other FOG-like proteins in regulating tran-
scription and development.

FOG, an essential cofactor for GATA-1 in erythroid
cells

The consequences of FOG deficiency for erythroid devel-
opment are remarkably similar to those seen in the ab-
sence of GATA-1. First, erythroid commitment does not
require either FOG or GATA-1, as evidenced by the for-
mation of precursors in their absence. Rather, FOG and
GATA-1 are essential for the terminal maturation of ery-
throid precursors. Precursors lacking GATA-1 arrest in
development at the proerythroblast stage (Weiss et al.
1994; Pevny et al. 1995) and undergo apoptosis (Weiss
and Orkin 1995). Similarly, erythroid precursors lacking
FOG exhibit a prominent, albeit partial, arrest also at the
proerythroblast stage. FOG−/− erythroid precursors, how-
ever, appear to persist longer than GATA-1− precursors,
with many acquiring megaloblastic characteristics be-
fore undergoing apoptosis (data not shown). Second, both

primitive and definitive erythroid precursors arrest at a
similar developmental stage in the absence of either
FOG or GATA-1 (Fujiwara et al. 1996), suggesting a simi-
lar requirement for the two proteins in both erythroid
lineages. This is distinct from other nuclear regulatory
proteins, such as core-binding factor (CBF) (Okuda et al.
1996; Wang et al. 1996) and c-myb (Mucenski et al.
1991), whose loss results in normal yolk sac-derived
erythropoiesis but severe defects in definitive erythro-
poiesis. Third, FOG−/− ES cells, like GATA-1− ES cells
(Pevny et al. 1991), do not contribute to mature red blood
cells of adult chimeras, indicating a cell autonomous de-
fect in erythroid progenitors lacking expression of either
protein. Finally, the blockage of erythroid maturation
induced by loss of FOG or GATA-1 has similar conse-
quences for the embryo; both FOG−/− and GATA-1− em-
bryos (Fujiwara et al. 1996) die during midembryonic de-
velopment with severe anemia.

This striking similarity of phenotypes strengthens the
notion that FOG and GATA-1 act in concert (Fig. 10),
providing a combinatorial signal for erythroid-specific
differentiation. One plausible mechanism is that FOG
functionally couples DNA-bound GATA-1 to the general
transcriptional machinery in erythroid cells. Alterna-
tively, FOG might serve to bridge distant DNA-bound
GATA-1 molecules, thereby facilitating and stabilizing
long-range interactions (e.g., local promoter-enhancer as-
sociations). Although we have been unable to demon-
strate specific DNA binding by FOG itself (A. Tsang and
S.H. Orkin, unpubl.), we have not excluded the possibili-
ties that FOG recognizes DNA in association with
GATA-1 or influences the DNA-binding specificity of
GATA-1. By analogy to the B-cell-restricted coactivator
Bob1/OBF1/OCA-B, which functions with octamer-
binding transcription factors (Gstaiger et al. 1996), the
complex of FOG and GATA-1 might recognize only a
subset of GATA-containing sites, leading to the differ-
ential activation of critical target genes during erythroid
maturation.

Taken together with earlier findings, the presented re-
sults establish FOG and GATA-1 as components of an
essential protein complex in erythroid cells. As GATA-1
interacts with other ubiquitously expressed as well as
hematopoietic-restricted factors (Merika and Orkin
1995; Osada et al. 1995), this complex is likely to contain
additional proteins. Of particular interest are the leuke-
mia oncoproteins SCL/tal-1, a basic helix–loop–helix
transcription factor, and Rbtn2/LMO2, a LIM-domain
nuclear protein. Recent work suggests that by interact-
ing with both SCL/tal-1 and GATA-1, Rbtn2/LMO2 as-
sembles a large, DNA-binding complex in erythroid cells
(Wadman et al. 1997). This complex presumably con-
tains FOG as well. Interestingly, the phenotype resulting
from targeted disruptions of either SCL/tal-1 or Rbtn2/
LMO2, namely the complete absence of embryonic red
blood cell formation (Warren et al. 1994; Shivdasani et al.
1995a), is clearly distinct from the consequences of
GATA-1 or FOG loss. SCL/tal-1 is further distinguished
by its absolute requirement in the formation of all adult
hematopoietic lineages (Porcher et al. 1996). Thus, in

Figure 6. Contribution of ES-derived cells to mature red blood
cells of chimeras. Hemoglobin was analyzed in the peripheral
blood of chimeras made with FOG+/− and FOG−/− ES cells. The
Hbbs haplotype (H) is specific for host blastocysts of strain
C57BL/6; Hbbd (ES) is specific for ES cells of strain 129/Sv. The
figure shown is representative for four chimeras generated from
two independently targeted FOG−/− ES cell clones. (C) control.
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contrast to FOG and GATA-1, SCL/tal-1, and presum-
ably Rbtn2/LMO2, function at the very earliest, defin-
able stage of hematopoietic development. Taken to-
gether, these findings predict the existence of various,
highly dynamic protein complexes involving factors
such as GATA-1, FOG, Rbtn2/LMO2, and SCL/tal-1
that change in abundance and composition as hemato-
poietic progenitors arise, commit to specific lineages,
and differentiate along single pathways (Orkin 1998).

FOG and other GATA transcription factors

Previously, we have shown that FOG is capable of inter-
acting physically with other GATA factors in addition to

GATA-1 (Tsang et al. 1997). This finding, together with
the observation that FOG RNA is present in multipoten-
tial progenitor cell lines and at lower levels in certain
T-lymphoid lines (Tsang et al. 1997) raised the intriguing
possibility that FOG might act as a cofactor for the other
hematopoietic GATA factors. Our present data, how-
ever, do not support an in vivo role for FOG in either
GATA-2 or GATA-3 function. GATA-2, for example, has
been shown by targeted gene disruption to be critical for
maintaining the proliferative capacity of immature pro-
genitor cells and for development of the mast cell lineage
(Tsai et al. 1994; Tsai and Orkin 1997). In the absence of
FOG, neither multipotential progenitors nor mast cells

Figure 7. Absolute requirement for FOG
in early megakaryopoiesis in vitro. Yolk sac
and fetal liver cells from wild-type and ho-
mozygous mutant (−/−) embryos were as-
sayed in semisolid medium for megakaryo-
cytic colonies. (A) Number of megakaryo-
cytic (MK) and granulocyte-macrophage
(GM) colonies observed after 6 days of cul-
tivation. Numbers (N) at the top of each
error bar indicate the number of embryos
analyzed. Error bars represent SEM. (YS)
yolk sac; (FL) fetal liver. (B) May–Grun-
wald–Giemsa and AChE staining of cells
from wild-type and mutant (−/−) colonies.
Wild-type megakaryocytes were readily
identified by their large size, multilobed
nuclei, granular cytoplasm, and AChE posi-
tivity, which appears as orange/brown cy-
toplasmic staining. Small, AChE-positive
cells were very rarely observed in mutant
cultures. Original magnification, 630×. (C)
RT–PCR analysis of PF4 and GPIIb mRNAs
from hematopoietic colonies cultured in
the presence of Tpo. RT–PCR amplification
of HPRT transcripts served as an internal
control for quantitation. Samples were am-
plified for six cycles in the presence of
HPRT primers, before addition of PF4 prim-
ers.
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appeared markedly deficient, hence arguing against a
role for FOG in GATA-2 function. GATA-3, an essential
and specific regulator of early thymocyte development
(Ting et al. 1996), is also apparently not dependent on
FOG for in vivo function. Preliminary analysis of the
lymphopoietic potential of FOG−/− ES cells in the RAG-
2-deficient blastocyst complementation assay suggests
that FOG, in contradistinction to GATA-3, is not re-
quired for the development of the T cell lineage (A.
Tsang, R. Monroe, F. Alt, and S.H. Orkin, unpubl.). Early
embryonic lethality precludes assessment of the role of
FOG in additional tissues, such as intestine and adult
liver, where FOG is coexpressed with other members of
the GATA factor family (Laverriere et al. 1994). Thus,
the functional requirement for FOG in vivo may be more
stringent than suggested by its pattern of expression vis-
à-vis other GATA proteins.

A GATA-1 independent requirement for FOG in early
megakaryopoiesis

Our findings establish a pivotal, GATA-1 independent

role for FOG in the development of the megakaryocytic
lineage. In its absence, megakaryocytes fail to develop
from either hematopoietic progenitors in the embryo or
from FOG−/− ES cells differentiated in vitro. Although
the presence of rare, AChE-positive cells and low levels
of PF4 transcripts (Fig. 7B) suggests that megakaryocytic
commitment takes place in the absence of FOG, at least
to a small extent, these findings also demonstrate a
nonredundant function for FOG in early megakaryocyte
development. This profound consequence of FOG loss
was unexpected given the proposed mechanism of action
of FOG as a GATA-1 cofactor in both erythroid and
megakaryocytic cells (Tsang et al. 1997). Although re-
cent studies have demonstrated a critical role for
GATA-1 in the megakaryocytic lineage, GATA-1 ap-
pears to be necessary at a somewhat later stage of devel-
opment (Fig. 10). Specifically, GATA-1− megakaryocytes
express PF4 and GPIIb, and exhibit deregulated prolifera-
tion and severely impaired cytoplasmic maturation
(Shivdasani et al. 1997). The early effect of FOG defi-
ciency on megakaryocyte development does not pre-
clude a role for FOG as a GATA-1 cofactor during later
stages. Rather, we speculate that FOG exhibits dual
functions in megakaryocytes: an early, GATA-1-inde-
pendent role, perhaps at the very earliest stage of devel-
opment from the bipotential erythroid/megakaryocytic
progenitor, and a later, GATA-1-dependent role during
terminal megakaryocyte maturation.

To date, the specific ablation of the megakaryocytic
lineage has not been a phenotypic consequence of any
transcription factor gene knockout. Indeed, previous
studies have identified only one other transcription fac-
tor besides GATA-1, the basic leucine zipper protein NF-
E2 (Andrews et al. 1993), that is specifically required for
the development of megakaryocytes. Like GATA-1,
however, NF-E2 is only necessary for advanced stages of
megakaryocyte maturation, as endomitosis and expres-
sion of lineage-specific markers such as AChE appear to
be unaffected in the absence of NF-E2 (Shivdasani et al.
1995b). The only other genes required for the formation
of megakaryocytes are those that are essential for the
earliest hematopoietic progenitors, for example SCL/
tal-1 (Porcher et al. 1996) and CBF (Okuda et al. 1996;
Wang et al. 1996), and as such are required for the devel-
opment of all hematopoietic lineages. Thus, among the
known hematopoietic nuclear regulatory factors, FOG is
unique in defining the earliest stage in megakaryocyte
development. Although the identity of this stage has not
been established, we speculate that FOG may be re-
quired for the proliferation and survival of an early mega-
karyocyte-specific progenitor or perhaps for the differen-
tiation of a bi- or tripotent progenitor along the mega-
karyocytic lineage. The latter is indirectly supported by
the abundance of peculiar cell types in mutant cultures
characterized by multilobed nuclei, mast cell-like gran-
ules, and red cell morphology. In the absence of other
known genes required specifically for early stages in
megakaryocyte development, it is likely that FOG-regu-
lated target genes will function as novel components of
developmental pathways critical for the survival, prolif-

Figure 8. Morphological assessment of myeloid and mast cells
lacking FOG. Yolk sac and fetal liver cells from wild-type and
mutant (−/−) embryos were assayed in semisolid medium for
granulocyte–macrophage or mast colonies. Macrophages (A,B)
and granulocytes (C,D) from wild-type and mutant myeloid
colonies were morphologically indistinguishable. Cells with
mast cell morphology (E,F) and toluidine blue-positive granules
(G,H) were also identified in wild-type and mutant cultures.
Original magnifications, 630× (macrophages), 1000× (granulo-
cytes and mast cells).
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eration, and differentiation of the earliest megakaryocyte
progenitors.

Implications of FOG for other GATA cofactors

Recent evidence suggests that a novel family of complex
zinc finger proteins, exemplified by FOG and Ush, func-
tion to modulate the transcriptional activities of GATA
factors in mammalian and Drosophila development, re-
spectively (Cubadda et al. 1997; Haenlin et al. 1997;
Tsang et al. 1997). Whereas FOG cooperates with
GATA-1 in erythroid and megakaryocytic differentia-
tion, Ush antagonizes the effects of the GATA factor
Pannier during bristle patterning. Thus, the activities of
GATA proteins may be modulated either positively or
negatively through interaction with their respective co-
factors. The aim of our present work was to address the
validity of this paradigm. We have shown that FOG, like
GATA-1, is indeed essential for terminal erythroid
maturation, thereby supporting the proposed role of FOG
as a GATA-1 cofactor in red blood cells. The unexpected
finding of an absolute requirement for FOG during early,
rather than late, megakaryocyte maturation, reveals an
additional, GATA-1 independent role for FOG as an es-

sential and specific regulator of early megakaryocyte de-
velopment. Defining how FOG functions in early mega-
karyopoiesis will likely reveal novel GATA-independent
mechanisms by which FOG and related finger proteins
regulate transcription and development.

Materials and methods

All recombinant DNA work was done using standard tech-
niques (Sambrook et al. 1989). Details of plasmid constructions
are available upon request.

Targeted disruption of the murine FOG gene

Overlapping FOG genomic clones were isolated from a lFixII
mouse strain 129 library (Stratagene). The exon/intron struc-
ture was determined by restriction enzyme mapping, DNA se-
quencing, and PCR. To generate the first targeting construct, a
2.9-kb XbaI–KpnI fragment containing FOG 58 genomic DNA
and a 2.8-kb HindIII fragment containing 38 genomic DNA were
cloned into pPNT (Tybulewicz et al. 1991). The second target-
ing vector was constructed by inserting a 10-kb 58 BamHI–B-
stEII fragment and a 1.6-kb 38 BglII–HindIII fragment into pT-
KLNCL (a gift from R. Mortensen, Brigham and Women’s Hos-
pital, Harvard Medical School, Boston, MA). The two targeting
constructs were linearized with NotI and XhoI, respectively,
and electroporated into CJ-7 ES cells. Transfectants were se-
lected in G418 (280 µg/ml) and ganciclovir (2 µM) and expanded
for Southern blot analysis. The frequency of homologous recom-
bination with each targeting vector was 1 in 132 and 1 in 124,
respectively. Two independently generated, targeted ES cell
clones with normal karyotypes were injected into C57BL/6
blastocysts. Male chimeras were mated to C57BL/6 females,
and heterozygous offspring were intercrossed to generate homo-
zygous mutants. Genotyping of pups and embryos was done by
Southern blot analysis. No differences in phenotype were ob-
served between mice derived from the two independent ES cell
clones, nor between mice of different genetic backgrounds
(mixed 129/Sv-C57BL/6 or inbred 129/Sv).

Generation of FOG−/− ES cells

Heterozygous FOG+/− ES cell clones were passaged on gelatin-
treated plates as described (Weiss et al. 1994) and grown in high
concentrations (1.2–3.0 mg/ml) of G418 (Mortensen et al. 1992).
Homozygous mutant ES cell clones were identified by Southern
blot analysis.

Figure 10. Developmental blocks imposed by loss of FOG or
GATA-1. The consequences of FOG or GATA-1 deficiency for
erythroid development are remarkably similar, strengthening
the notion that the two proteins act in concert to drive ery-
throid-specific differentiation. In contrast to GATA-1 defi-
ciency, loss of FOG leads to the specific ablation of the mega-
karyocytic lineage at a very early stage, pointing to a pivotal,
GATA-1-independent role for FOG in early megakaryopoiesis.

Figure 9. In vitro differentiation of FOG−/−

ES cells. (A–G) May–Grunwald–Giemsa
staining of cells from primitive erythroid
(EryP) colonies (A,B), definitive erythroid
(EryD) colonies (C,D), megakaryocyte colo-
nies (E), and macrophage colonies (F,G). Mu-
tant EryP and EryD cells display a promi-
nent defect in maturation, as evidenced by
their large size and uncondensed nuclei. No
megakaryocytic cells were obtained upon re-
plating mutant embryoid bodies in the pres-
ence of thrombopoietin. Wild-type and mu-
tant macrophages were morphologically in-
distinguishable. Original magnifications,
1000× (erythroid and megakaryocytic cells),
630× (macrophages).
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Histology and cytology

E10.5 yolk sacs and E11.5 embryos were fixed in Bouin’s solu-
tion and embedded in paraffin. Sections (5 µm) were cut and
stained with hematoxylin and eosin for histological examina-
tion. Cytocentrifuge preparations were stained with May–Grun-
wald–Giemsa or toluidine blue for morphological assessment,
or for AChE activity according to standard protocol.

In vitro hematopoietic progenitor colony assay

Yolk sacs and fetal livers were dissected from E10.5 and E11.5
embryos under sterile conditions. Cells were disaggregated
(Wong et al. 1986) and then plated in methylcellulose media
containing 30% FCS and supplemented with one or more of the
following recombinant growth factors: Epo (2 U/ml), rat KL (50
ng/ml), human Tpo (0.5 µg/ml), IL-3 (10 ng/ml), IL-6 (2 ng/ml),
human IL-11 (5 ng/ml), human G-CSF (0.5 ng/ml), and GM-CSF
(5 ng/ml).

In vitro ES cell hematopoietic differentiation

In vitro differentiation of ES cells was performed as described
(Keller et al. 1993; Weiss et al. 1994). Primitive erythroid, EryD,
and megakaryocyte (MK) colonies were generated by cultivation
in Epo, Epo-KL, and Tpo, respectively. Macrophage (Mf) colo-
nies were obtained following growth in G-CSF, GM-CSF, IL-3,
and IL-11.

Hemoglobin assay

Hemoglobin analysis was performed as described (Pevny et al.
1991).

Semiquantitative RT–PCR and RNase protection assay

Total RNA was isolated from cultured hematopoietic colonies
or peripheral blood of viable E11.5 embryos by standard proce-
dures (Chomczynski and Sacchi 1987). First strand cDNA syn-
thesis and PCR (94°C for 1 min, 55°C for 1 min, 72°C for 1.5
min) in the presence of tracer [a-32P]dCTP were performed es-
sentially as described (Weiss et al. 1994). Primer sets were PF4
and GPIIb (Shivdasani et al. 1995b), GATA-1 and HPRT (Weiss
et al. 1994), and FOG 58-CACCCTGTGCAGGAACCAGT-38

and 58-GGGTTTCTCTTCCGTCGCCG-38 (product 246 bp).
RNase protection assays were performed according to standard
protocol using previously reported RNA probes for bH1 globin
(Perkins et al. 1995) and a-, b-, z-, and e-globins (Baron and
Maniatis 1986).
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